This study was conducted to estimate the best-fit nonlinear height-DBH growth models for Larix kaempferi in Gangwon and North Gyeongsang province in South Korea. Exponential, Modified Logistic, Chapman-Richards, and Weibull function were used for estimating height-DBH models. To evaluate the selected models, R 2 , RMSE, MD, MAD, and residual plots were performed in each model. Also, the coefficients and patterns in models of the previous studies were compared with those in this study. The result showed that Weibull equation was found to be the best-fit model with R 2 =0.9837, RMSE=2.6133, MD=0.0089, and MAD=2.0896. All model parameters in our study had similar values to those in the previous models except for asymptotic parameter a. Our research result showed that Gangwon and North Gyeongsang province were superior to other provinces with regard to height growth for Larix kaempferi.
Introduction
Larix kaempferi has been planted in 700 thousand ha across South Korea since 1960s, and has become widely known as the representative of the rapid growing trees. In the present Larix kaempferi plantation accounts for 16.5% (425 thousand ha) out of the total coniferous forest area in South Korea (Korea Forest Service 2012) . This is the largest area among the nations' main coniferous plantation. In addition, about 380,000 m 3 of the timber is annually produced and mostly used for sawlog, plywood and wood chip (Korea Forest Research Institute 2012) . At present Larix kaempferi is one of the main commercial tree species in the temperate climate region of South Korea. Forest resource inventory should be involved to understand tree growth and stand structure. DBH and height are an essential part of independent variables in growth and yield models, and thus these measurements must be entailed. Compared with measuring DBH, however, measuring height takes much more time and efforts. Therefore, it is common that tree height is estimated from DBH by developing height-DBH growth model (Avery and Burkhart 
2002).
A number of height-DBH equations have already been developed all over the world, and the practical functions were utilized for regional main species in many developed countries (Huang et al. 1992; Hökkä 1997; Soares and Tomé 2002; Dorado et al. 2006; Sánchez-González et al. 2007) . In Korea, the height-DBH functions have also been studied for the major species (Lee 1996; Kwak et al. 2004; Lee et al. 2009; Lumbres et al. 2011; Seo et al. 2011) . However, it is still insufficient in the height-DBH models for Larix kaempferi, especially for the regional growth estimation. Therefore, the objectives of this research are to estimate the best-fit nonlinear height-DBH models for Larix kaempferi, to evaluate the models using test statistics, and to compare our models with the previous studies. 
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Materials and Methods

Data
The data was collected from the plots of Larch plantations, which are widely located from Gangwon to North Gyeongsang province (Fig. 1) . The plots were established in unthinned stands for the thinning study (Lee and Choi 2014) . Three plots were installed in each region on the basis of plot sizes and thinning intensity: 20 m x 20 m for unthinned plots, 25 m x 25 m for light thinned plots, and 30 m x 30 m for heavy thinned plots. Finally, it consisted of 135 plots (45 regions x 3 plots) to monitor individual tree and stand growth.
Diameter at Breast Height (DBH) of an individual tree was measured at 1.2 m above the ground by diameter tape, and tree height was measured by Vertex IV. Both DBH and tree height were recorded on the first decimal for a total of 3,825 Larch trees. DBH ranged from 6.2 cm to 57.6 cm, and tree height ranged from 3.5 m to 34.0 m. The statistics of the dataset were shown in Table 1 .
Model selection and validation
In this study, four nonlinear height-DBH growth models were used for Larix kaempferi; Exponential, Modified Logistic, Chapman-Richards, and Weibull (Table 2 ). The fitting of models was accomplished using the PROC NLIN procedure on SAS 9.3 software (SAS Institute Inc. 2011). After estimating the parameters for each model, the shape of curves and coefficients were compared with those from the previous studies (Lumbres et al. 2011; Seo et al. 2011) .
In the process of model validation, four fit statistics were carried out and compared to determine the best-fit model. Coefficient of determination (R 2 ) was typically used to provide all the functions with power of explanation about regression lines. Additionally, root mean square error (RMSE), mean deviation (MD), and mean absolute deviation (MAD) were examined. Also, residual plots were displayed to verify the homoscedasticity of each model. The equations were summarized as follows: Where H i =measured height for the ith tree, Ĥ i = predicted height for the ith tree, H̅ =measured mean tree height, n=the total number of observations used to fit the model.
Results and Discussion
Model development
The parameters and fit statistics for each height-DBH growth model were shown in Table 3 . All the models used for height-diameter curves were found to be significant at the 5% level. The form of all equations was an asymptotic curve, which converges an asymptote (Fig. 2) . A subtle difference was found in the range of DBH＜10 cm or DB H＞40 cm, although the shape of model curves were analogous in the dense sample range.
In comparison with parameters of Lumbres et al. (2011) and Seo et al. (2011) using Larch data in Korea, parameter b in all models was similar with small difference ranged from 0.0009 to 8.6107, and parameter c was also similar with small difference ranged from 0.1165 to 4.1236. However, parameter a, which represents an asymptotic, was higher than that of the previous models resulting in higher height over DBH than other studies. Overall, the abnormal parameters were not found.
Model validation
Each fit statistics of the models had similar values; R 2 ranged in 0.9836-0.9837, RMSE in 2.6133-2.6204, MD in 0.0001-0.0108, and MAD in 2.0896-2.0975. When all criteria were considered, Weibull function was verified as the best-fit model; R 2 =0.9837, RMSE=2.6133, MD= 0.0089, MAD=2.0896 (Table 3) . Four different nonlinear height-DBH mode curves on scatter plot for Larix kaempferi were shown in Fig. 2 . All model curves approached horizontal asymptotes. The plots of residuals over the predicted height from height-DBH models showed no systematic pattern. It obviously verified the presence of homoscedasticity, and thus the models fit the data (Fig. 3) .
Model comparison
The model curves of this study were compared with those of previous studies; Lumbres et al. (2011) and . The shapes of the model curves were different among three studies (Fig. 4) .
The curves in our study were noticeably above those in the other studies, while the curves by Seo et al. (2011) were below those by Lumbres et al. (2011) . The principal reason caused such a different pattern could be attributed to the difference of the study regions. The models from the two previous studies were analyzed with the data of Chungcheong region for Seo et al. (2011) and full data set of National Forest Inventory in 2007 and 2008 for Lumbres et al. (2011) . Thus, our model curves with higher asymptotic parameters showed that Gangwon and North Gyeongsang province have better height growth for Larix kaempferi than other regions.
Conclusion
This study was carried out to estimate the best-fit the height-DBH growth model for Larix kaempferi in Gangwon and North Gyeongsang province. Four widely used nonlinear models, Exponential, Modified Logistic, Chapman-Richards, and Weibull, were fitted to the inventory dataset of DBH and height. All functions were significant at the 5% level. In the process of all model validation, R 2 for each model was ＞0.0983. RMSE ranged from 2.6204 to 2.6144, MD from 0.0001 to 0.0108, and MAD from 2.0896 to 2.0975. Also, no abnormal trend was found in residual plots. Weibull model was verified as the best-fit model throughout all validation. All the model curves presented the similar pattern particularly ranged from DBH 10 cm to 40 cm. The asymptotes in all models were higher than those of the previous studies. This result suggests that the growth of tree height would be higher in Gangwon and North Gyeongsang province than in the other provinces.
Our models are highly expected to be used for estimating the tree height over DBH for Larix kaempferi, especially in Gangwon and North Gyeongsang province.
